A B S T R A C T Longitudinal studies have shown that individuals lose bone mineral at unequal rates with aging. It has been postulated that individuals with the more rapid rates of loss constitute a separate population having an increased risk for developing fractures, i.e., osteoporosis. To examine this postulate, we made a search for a separate population of elderly women using a precise and objective measurement technique of bone mineral, photon absorptiometry.
A B S T R A C T Longitudinal studies have shown that individuals lose bone mineral at unequal rates with aging. It has been postulated that individuals with the more rapid rates of loss constitute a separate population having an increased risk for developing fractures, i.e., osteoporosis. To examine this postulate, we made a search for a separate population of elderly women using a precise and objective measurement technique of bone mineral, photon absorptiometry.
Bone mineral content (BMC) was measured in the radius of 571 Caucasian females who were age 50 or older. It was found that BMC values adjusted for width had a normal distribution in all decades and the variation in BMC values did not increase with age. Subjects with vertebral fractures (n = 108) were estimated to be losing bone mineral at the same rate as those without vertebral fractures (n = 161). Thus evidence for a separate population of rapid losers of bone mineral was not found.
Reconciliation of longitudinal studies which show unequal rates of loss with the present population survey, in which evidence for unequal rates was not found, would require that (a) the rate of loss of bone mineral for an individual is not constant and/or (b) the rate of mineral loss is proportional to the amount of mineral present at maturity.
The incidence of vertebral fractures was inversely proportional to BMC values. In a group of 278 women followed for 470 subject-yr, the incidence of all fractures during the study (n = 31) was also inversely proportional to BMC. These data suggest that the BMC values of osteoporotics would be at the lower end of normally distributed values for the population.
INTRODUCTION
Many hypotheses have been proposed for the pathophysiological development of osteoporosis. One which Received for publication 3 September 1974 and in revised form 14 April 1975. was reviewed by Newton-John and Morgan (1) (10, 13) . The instrument is standardized to a known standard bone phantom before and after each subject is scanned. Four scans are done at each site and the mean of the four scans is used as the measurement of bone mineral content (BMC) ' (expressed in units of grams per centimeter) and of width (in centimeters) for that subject. The precision of this method has been determined on subjects of various ages to be 2.6 and 3.6% (coefficient of variation) for midshaft and distal mass and to be 1.7 and 3.8% for midshaft and distal width, respectively (13 (29.2% of the total population) over the age of 50 who, in addition, had complete physical examinations and X rays of the chest and thoracic and lumbar spine. Subjects with organic bone disease other than osteoporosis, chronic liver disease, renal disease, or evidence of malignancy or a disease known to affect bone metabolism were excluded. 54 subjects on estrogens or birth control pills were not excluded, but subjects on cortisone were excluded. Subjects with diseases such as osteoarthritis, heart disease, or diabetes mellitus with onset after age 50 were not excluded.
Methods of statistical analysis. Differences between group means were analyzed by Student's t test (14) . Polynominal regression analysis was performed by using Biomedical (4, 13, 19) . To determine how these variables affect conclusions derived from bone mineral values, the data were analyzed with and without normalization procedures. Midshaft width was selected as the basis for normalization of BMC at both sites since (a) it is a more precise measurement, C.V. = 1.7% for midshaft radius vs. 3.8% for distal radius (13) ; (b) it does not vary with age ( Fig. 1) , whereas distal width does (5) ; and (c) the regression coefficient of distal BMC vs. distal width was not significantly different from zero, whereas the regression coefficient was significant between distal BMC and midshaft width in all 10-yr age groups below age 50. The method for normalization for width was chosen with the objective of removing the size variable without changing the effect of age on BMC. Since age has no effect on BMC from age 30 to 49 ( Fig. 1 In order to test the BMC data for a normal distribution, one should either have a large population of the same age and bone width or remove the effect of these variables by normalization. In this study we have removed the variable effects by normalization. Fig. 2 illustrates the frequency distribution of midshaft BMC values after age 50 before and after adjusting for width and age. After adjusting for width alone (middle panel), the distribution of midshaft BMC appears to be bimodal, reflecting the bimodal distribution of age sampling (Fig. 1 bottom) . After adjusting for width and age, the frequency distribution appears as a bell-shaped curve. The chi-square test for "goodness of fit" to a normal distribution (18) Thus, after pooling all observations on subjects over the age of 50 the hypothesis of normality could not be rej ected. Normality may also be tested by probit analysis where the relative cumulative frequency of observations plotted against the observed value forms a straight line when the observations have a normal distribution. This analysis of BMC adjusted for width and age is shown in Fig. 3 . Here the group, age 90-99, was omitted because of the small sample size of 33. With the single exception of midshaft BMC in the age 60-69 group, the plots are linear, indicating a normal distribution for all age groups. Although the finding may indicate a subpopulation in one decade at one site, it is more likely an indication of sampling error since this is one of the smaller groups. In addition, probit analysis was performed with BMC values adjusted for age only (not width) and again the plots were linear, indicating a normal distribution. Thus, there is very little evidence for bimodality (two separate populations) in these age groupings.
Bimodality might not be seen if the population of rapid losers was relatively small. In this case, one might find an increase in variance of BMC with aging.
The effect of age on variance, which is SD2, Thus, the variance of both midshaft and distal BMC did not increase significantly with age. It might be argued that the regression coefficient of the variance of distal BMC vs. age approached significance (P < 0.10, > 0.05). However, the measurement of distal BMC is less precise in older subjects (13) and may account for some increased variance with age. The absence of a significant increase in the variance of midshaft and distal BMC with age is further evidence against a subpopulation of rapid losers of bone mineral.
Relationship of BMC measurements to vertebral fractures. For this study all Caucasian women age 50 or older who had spinal X rays were included (n = 269). A vertebral body was classified as fractured (collapsed) if it was decreased at least one-third in height. The women were divided into nonfracture (n = 161) and fracture (n = 108) groups on the basis of absence or presence of a vertebral fracture. The mean age of the nonfracture group was 73 and the mean age of the fracture group was 78. Only 21 of the 108 fractures were in subjects under the age of 70. The results in Table II demonstrate (a) that the nonfracture group has a significantly higher (P < 0.001) BMC before and after adjusting for width and (b) that the linear regression coefficients of BMC vs. age (rate of loss) are not significantly different between nonfracture and fracture groups. These results are similar to those reported previously (19) for a smaller group (n = 169). In addition, the regression coefficients of midshaft BMC vs. age and distal BMC vs. age within each group were not significantly different from each other (P > 0.40 and P > 0.10), indicating a uniform rate of loss at the two sites.
If one assumes that the population had been randomly subjected to mild trauma, then the hypothesis that the incidence of fracture should increase in groups with lower BMC can be examined. The The relationship of BMC measurements to subsequent fractures. Subjects were selected out of this Caucasian female population who (a) were age 50 or older, (b) had bone mineral measurements of the right arm, (c) had no evidence of organic disease by medical history or laboratory screen, and (d) had been followed with visits every 1-3 mo. The mean age of the 278 women selected was 66±14 (SD) yr with a range of 50-96. 50% of the population was below age 60.
They were followed for a mean period of 1.7 yr with a range of 6 wk-3.4 yr. The total follow-up period was 470 subject-yr. Any significant and/or persistently painful area were X-rayed for fracture. During this period, fractures occurred in 31 subjects (16 of these were age 65 or less) for an incidence of 6.6 fractures per 100 subject-yr. The site of fracture varied widely throughout all ages, except that "march" fractures of the metatarsals were the most frequent under the age of 65. None of the fractures resulted from severe trauma such as an auto accident, and most resulted from falls at ground level.
The initial BMC measurements and their relationship to subsequent fracture is shown in Table IV . Although the total number of subj ects and fractures are few, the BMC measurements reflect an inverse relationship to fracture incidence similar to that of vertebral fractures. Here the slope of fracture incidence vs. level of BMC was significant (P < 0.05) at both sites before and after adjusting for width, and the hypothesis for linear trend in proportions could not be rejected. However, the overall chi-square was only significant (P < 0.05) for distal BMC after adjusting for width (18) , which may occur when the total incidence of fracture is small.
DISCUSSION
This study has utilized bone mineral measurements of the radius in an investigation of the generalized skeletal loss of mineral with aging and/or osteoporosis. This approach is reasonable because it has been shown that (a) both distal and midshaft bone mineral measurements correlate well (r = 0.94 and 0.84, respectively) with total body calcium determined by neutron activation (21), (b) both distal and midshaft bone mineral measurements of cadavers correlate (r = 0.84 and 0.86) with photon absorption measurements of mineral of the neck of the femur (22) , and (c) both distal and midshaft bone mineral measurements of cadavers correlate (r = 0.60 and r = 0.70) with photon absorption measurements of mineral of thoracic vertebra (22) . In addition, although osteoporosis more commonly involves the axial skeleton, fractures of the distal radius are quite common in this disease (1). Thus, it seems justified at the present time to use changes at these scan sites as a reflection of generalized mineral loss from the skeleton with aging.
There is little evidence in our data to support the existence of a subpopulation of rapid losers of bone mineral. The data are consistent with hypothesis of a normal distribution of bone mineral values since there was no evidence of bimodality (Fig. 2) . The distribution of values in each 10-yr age group, with only a single exception, was also normal (Fig. 3) . The failure to find evidence for bimodality in the distribution of bone mineral values does not prove that a subpopulation does not exist (23) . However, the population studied is relatively large and the incidence of disease (fractures) in this group is also considerable. Further evidence against the existence of a subpopulation was the finding that the variation of BMC did not increase significantly with age. Finally, there is no significant difference in the estimated rates of loss (Table II) between women with and without vertebral fractures. Thus, these data support the thesis previously presented by this laboratory (4) and by Newton-John and Morgan in their analysis of the literature (1) that there is a general rate of loss for the population and that the persons with a low bone mineral at maturity are most susceptible to osteoporosis.
The evidence for the alternative hypothesis, that osteoporotics are subjects with a more rapid rate of mineral loss, has been reviewed by Doyle (2) . Much of the data in support of this hypothesis comes from prospective or longitudinal studies of the measurement of rates of loss. Longitudinal studies by Garn, Rohmann and Wagner (24), Adams, Davies, and Sweetnam (25) , and Dequeker (26) have demonstrated unequal rates of loss among individuals. Our laboratory, using the photon absorption technique (27) , also found that the rate of loss varied significantly in a population of 24 postmenopausal females followed for 2.4 yr. Thus it would appear that individuals do lose bone mineral at different rates. At least two models would explain these apparently discrepant results and they are shown in Fig. 4 . In the first model the rate of loss of mineral is not constant with time. Thus a rapid loser for a 2-yr period may become a slow loser over the next 2 yr (Fig. 4c ). The other model (Fig. 4d) proposes that the rates of loss are directly related to the amount of mineral present at maturity. Thus, subjects with high mineral content would lose at rates equal to the average or faster; and subjects with low mineral content would lose at rates equal to the average or slower. Thus, there could be unequal rates among individuals yet there would be no increased variance in the population with aging. Doyle (2) has discussed the models shown in Fig.  4a and 4b and in addition two other models in which the amount of mineral loss was related to the amount of bone at age 45. In one model the amount of bone loss is directly proportional to the mineral at maturity. This condition would decrease the variance of BMC with aging. In the other model the amount of bone loss is inversely proportional to the mineral at maturity. This condition would increase the variance of BMC with aging. The data presented in our study failed to demonstrate any change in variance of BMC with aging. Although Dequeker (26) found varying losses of cortical thickness in a longitudinal study (only 63% of the females had a decrease), his population survey, when divided into groups of varying skeletal sizes, indicated a parallel loss of cortical area for each size. Our studies confirm Dequeker's findings in that individuals are found to be losing at different rates and yet the variance of the population does not increase with aging. The models in Fig. 4c and d would best explain these results.
The photon absorption technique is capable of determining which of the proposed models is appropriate for osteoporosis. However, it would appear that a large number of subjects followed for a long period of time will be required to adequately answer the question.
The value of bone mineral measurements in the prediction of risk of fracture appears promising. However, it is evident that factors other than low bone mineral It is interesting to compare our results with those of Iskrant and Smith (28), who followed 2,100 women age 45 and older for 3 yr. Their reported fracture rate was 2.0 per 100 subject-yr in nonosteoporotics (from X rays of lumbar spine) and 7.0 per 100 subject-yr in osteoporotics. The higher rates of fracture found in the present study may have occurred because of the higher proportion of older subjects and the increased frequency of radiologic examinations performed. Whether or not the radiographic examination of the lumbar spine serves as a better predictor of subsequent fracture than the photon absorption technique will require a comparative study. However, the photon absorption technique has been shown to be significantly more precise than visual scoring of radiographs (29) .
There are reports that the photon absorption method was diagnostic of spinal osteoporosis (30) and not useful in the early detection of osteoporosis (5) . It is difficult to agree with either conclusion. The value of the photon absorption technique in the diagnosis of osteoporosis depends upon the definition of the disease. A generally accepted definition of osteoporosis would be a loss of bone mineral with fracture for which no other cause is found. If a fracture is a necessary part of the definition, then photon absorption will never equal the radiographic examination. It is apparent that BMC is a continuous variable and that the lower the value the greater the risk of developing fracture (Tables III and  IV) . If osteoporosis is defined as a significant loss of bone mineral ultimately leading to structural failure, then photon absorption measurements may be applicable to the detection of early osteoporosis (prefracture).
